The present studies investigated the cellular mechanisms for the detrimental effects of high dose whole body γ-irradiation on bone. In addition, radioadaptation and bone marrow transplantation were assessed as interventions to mitigate the skeletal complications of irradiation. Increased trabecular thickness and separation and reduced cancellous bone volume fraction, connectivity density, and trabecular number were detected in proximal tibia and lumbar vertebra 14 days following γ-irradiation with 6 Gy. To establish the cellular mechanism for the architectural changes, vertebrae were analyzed by histomorphometry 1, 3, and 14 days following irradiation. Marrow cell density decreased within 1 day (67% reduction, p b 0.0001), reached a minimum value after 3 days (86% reduction, p b 0.0001), and partially rebounded by 14 days (30% reduction, p = 0.0025) following irradiation. In contrast, osteoblast-lined bone perimeter was increased by 290% (1 day, p = 0.04), 1230% (3 days, p b 0.0001), and 530% (14 days, p = 0.003), respectively. There was a strong association between radiation-induced marrow cell death and activation of bone lining cells to express the osteoblast phenotype (Pearson correlation −0.85, p b 0.0001). An increase (p = 0.004) in osteoclast-lined bone perimeter was also detected with irradiation. A priming dose of γ-radiation (0.5 mGy), previously shown to reduce mortality, had minimal effect on the cellular responses to radiation and did not prevent detrimental changes in bone architecture. Bone marrow transplantation normalized marrow cell density, bone turnover, and most indices of bone architecture following irradiation. In summary, radiation-induced death of marrow cells is associated with 1) a transient increase in bone formation due, at least in part, to activation of bone lining cells, and 2) an increase in bone resorption due to increased osteoclast perimeter. Bone marrow transplantation is effective in mitigating the detrimental effects of acute exposure to high dose whole body γ-radiation on bone turnover.
Introduction
Human exposure to high levels of ionizing radiation can occur as a result of treatment modalities or accident. Also, high dose whole body radiation is a common strategy in biomedical research to ablate bone marrow cells as a prelude to stem cell transplantation. As a side effect, radiation therapy to treat cancer in humans or in biomedical research results in collateral damage to other tissues, including the skeleton [1] . The spectrum of skeletal abnormalities associated with radiation therapy in humans ranges from growth suppression in children to osteopenia, sclerosis, necrosis and sarcomatous transformation at all ages [2, 3] . High dose ionizing radiation is also a risk factor for the development of fractures that typically have prolonged healing times and a high nonunion rate [4] . In spite of compelling human evidence for impaired skeletal function following high-dose ionizing radiation, this complication is rarely considered in bone marrow transplantation studies performed in animal models.
Whole body exposure to high dose ionizing radiation, although uncommon in humans, can occur as a result of nuclear accident [5] . Future manned space travel beyond the earth's protective magnetic field will undoubtedly also increase the potential for exposure to high levels of ionizing radiation, which include particles (electrons, neutrons, protonsShort-duration exposure to more than 1 gray (Gy) of radiation can lead to acute radiation syndrome and in humans N6 Gy is often lethal. Acute radiation syndrome consists of hematopoietic, gastrointestinal and neurovascular manifestations, the timing and magnitude of which are dose-dependent [8] . The long-term skeletal consequences of surviving acute radiation syndrome in humans have received little attention. However, modeling acute radiation syndrome in animals has demonstrated detrimental effects on bone mass and architecture [9] [10] [11] .
There has been significant interest in mitigating the detrimental effects of radiation to reduce morbidity and mortality following exposure. Exposure to small (priming) doses of ionizing radiation has been shown to induce cellular radioprotective mechanisms following γ-irradiation [12] . Induction of radioadaptation by this method reduces mortality following subsequent exposure to much higher (challenging) doses of radiation. The state of acquired radioresistance is associated with reduced radiosensitivity and hypercompensation by hematopoietic cells to radiation-induced damage [13] . Although effective in reducing mortality, which may be of particular value for marrow transplantation studies in immune compromised radiosensitive mice, it is uncertain whether low dose radiation-induced radioresistance will impact bone marrow ablation or protect the skeleton from the detrimental effects of high dose irradiation.
Medical intervention in humans, including administration of growth factors (e.g., granulocyte colony-stimulating factor and granulocytemacrophage colony-stimulating factor to improve immune function), can reduce mortality in individuals accidently exposed to whole body ionizing radiation [14] . Mitigation of lethal intestinal injury, following high local doses of irradiation in mice, has been achieved by intravenous transplantation of bone marrow-derived stromal and hematopoietic stem cells [15] [16] [17] . However, it is not clear whether interventions involving growth factor administration or bone marrow transplantation impact the long-duration adverse skeletal effects of irradiation. It is, therefore, unclear how countermeasures to accidental exposure to high dose whole body irradiation in humans or bone marrow transplantation following radiation-induced bone marrow ablation in animals influence bone metabolism.
The goals of the present studies were to evaluate the early effects of acute whole body γ-irradiation on bone metabolism in a mouse model and determine whether the anticipated detrimental effects of a challenging high-dose irradiation are attenuated by prior exposure to a relatively low dose of priming radiation. In addition, we investigated the efficacy of bone marrow transplantation in reversing the longduration skeletal effects of high-dose whole body γ-irradiation.
Materials and methods
Male and female C57BL/6 (B6) mice were used in the irradiation experiments (see Experiments 1-4 below) and female C57BL/6-Tg(CAG-EGFP)1Osb/J mice with constitutive expression of green fluorescent protein (GFP) were used in the cell tracking experiment (see Experiment 5 below). Mice were purchased from Jackson Laboratory (Bar Harbor, Maine). The mice were housed individually in a temperature (21-23°C) and light (12 h light dark cycle) controlled room. Food and water were provided ad libitum to all animals. The mice were maintained in accordance with the NIH Guide for the Care and the Use of Laboratory Animals and the Institutional Animal Care and Use Committee at the Johnson Space Center (Experiments 1-3) and Oregon State University (Experiments 4-5) approved the experimental protocols.
Experimental design
Experiments were performed to assess the efficacy of radioprotection on bone and to evaluate the effects of bone marrow transplantation in mitigating whole body γ-radiation-induced adverse skeletal effects.
In the radioadaptive study, 0.5 milligray (mGy) of radiation was used as a priming dose, followed by 6 Gy as the challenging dose, whereas 9 Gy was used in the bone marrow transplantation study. If untreated, approximately 50% of the mice would be expected to die within 30 days following whole body γ-irradiation with a dose of 6 Gy [18] . A dose of 9 Gy without treatment would be expected to result in 100% mortality [19] .
Efficacy of radioprotection on bone
Experiment 1 was performed to characterize the effects of whole body γ-irradiation (using a 137 Cs source located at NASA Johnson Space Center, Houston, Texas) on bone architecture and cellular indices of bone formation and resorption. Two-month-old male B6 mice were divided into 4 groups (n = 6/group): 1) untreated control, 2) irradiated with a priming dose of 0.5 mGy, 3) irradiated with a challenging dose of 6 Gy, or 4) irradiated with 0.5 mGy followed 24 h later by irradiation with 6 Gy. The mice were sacrificed 14 days following the last irradiation. For tissue collection, animals were anesthetized with 2-3% isoflurane delivered in oxygen and death was induced by decapitation with a guillotine. Tibiae and 5th lumbar vertebrae were removed and stored in 70% ethanol for micro-computed tomography (μCT) and/or bone histomorphometric analysis.
Experiments 2 and 3 were conducted to further characterize the cellular mechanisms responsible for whole body γ-radiation-induced changes in bone architecture. The treatment groups were the same as in Experiment 1, but mice were sacrificed 1 day (Experiment 2; n = 6/ group) or 3 days (Experiment 3; n = 3/group) following irradiation. Tissues were collected as in Experiment 1.
Efficacy of bone marrow transplantation on bone
Experiment 4 was performed to assess the efficacy of bone marrow transplantation following lethal (9 Gy) whole body γ-irradiation on bone mass and turnover. Two-month-old female B6 mice were randomized by weight into 3 groups: baseline control (n = 9), untreated (n = 7) and irradiated bone marrow recipients + donor bone marrow (B6 → B6) (n = 7). For bone marrow transplantation, bone marrow cells were isolated from femurs and tibias of donor mice by flushing the bones with phosphate buffered saline using a sterile 3 ml syringe fitted with a 24 G needle. Bone marrow cells were made into single cell suspensions by repeated pipetting. To facilitate accurate cell count of nucleated cells, red blood cells in the bone marrow were selectively removed by incubating with red blood cell lysis buffer (150 mM NH 4 Cl, 1 mM KHCO 3 Micro-computed tomography μCT was used for nondestructive 3-dimensional evaluation of bone volume and architecture. Long bones (tibia for Experiment 1 and femur for Experiment 4) and lumbar vertebrae (Experiments 1 and 4) were scanned using a Scanco μCT40 scanner (Scanco Medical AG, Bassersdorf, Switzerland) at a voxel size of 12 μm × 12 μm × 12 μm. The threshold value for evaluation was determined empirically and set at 245 (gray scale, 0-1000). The entire tibia (cancellous + cortical bone) was evaluated followed by evaluation of cortical bone at the midshaft and cancellous bone in the proximal metaphysis. For the tibial midshaft, 20 slices (240 μm in length) of bone were evaluated and total cross-sectional volume (cortical and marrow volume, mm 3 ), cortical volume (mm 3 ), marrow volume (mm 3 ), and cortical thickness (μm) were measured. Maximum (I max ), minimum (I min ), and polar (I polar ) moments of inertia were calculated as surrogate measures of bone strength in bending (I max and I min ) and torsion (I polar ). For the tibial metaphysis, 40 slices (480 μm in length) of cancellous bone were evaluated. Similar measurements were performed for the femur, with the exception that the distal femoral metaphysis (40 slices) and epiphysis (entire region of secondary spongiosa) were evaluated.
Analysis of the lumbar vertebra included the entire region of secondary spongiosa between the cranial and caudal growth plates. Direct cancellous bone measurements in the proximal tibia metaphysis/distal femur metaphysis/distal femur epiphysis and lumbar vertebra included cancellous bone volume fraction (bone volume/tissue volume, volume of total tissue occupied by cancellous bone, %), connectivity density (number of redundant connections per unit volume, mm ), and trabecular separation (the distance between trabeculae, μm).
Histomorphometry
Lumbar vertebrae were prepared for histomorphometric evaluation as described [20] . Sections were stained according to the Von Kossa method with a tetrachrome counter stain (Polysciences, Warrington, PA) for assessment of bone area and cell-based measurements. Unstained sections were used for assessment of dynamic histomorphometry. Histomorphometric data were collected using the OsteoMeasure System (OsteoMetrics, Inc., Atlanta, GA). Static cancellous bone endpoints (Experiments 1-4) included bone area fraction (bone area/tissue area, %) and the derived architectural indices of trabecular number (mm
), trabecular thickness (μm), and trabecular separation (μm). Osteoblast and osteoclast perimeters were measured and expressed as % of total bone perimeter and nucleated cells were measured and expressed as marrow cell density. Fluorochrome-based indices of bone formation (Experiment 4) included mineralizing perimeter (percentage of bone with double label + 1/2 single label) and mineral apposition rate (mean distance between two fluorochrome markers that comprise a double label divided by interlabel time, μm/d). Bone formation rate was calculated using a bone perimeter referent (μm 2 /μm/y). Additional cell measurements (Experiment 4) were performed in toluidine bluestained sections and included megakaryocyte and adipocyte density. Megakaryocytes were measured because radiation-induced thrombocytopenia plays a role in radiation mortality [21] . Bone marrow adipocytes were measured because radiation is associated with increased deposition of fat into bone marrow [22] . Morphologically, megakaryocytes were identified as large cells with a multilobed nucleus. Adipocytes were identified as large circular or oval shaped cells, bordered by a prominent cell membrane and deficient in cytoplasmic staining due to alcohol extraction of intracellular lipids during processing. All data are reported using standard nomenclature.
Fluorescence activated cell sorting analysis
Spleens and bone marrow flushed from the femurs of individual mice were made into single cell suspensions. Red blood cells were removed by incubating with red blood cell lysis buffer per standard immunology protocol for the preparation of cells for flow cytometry. Cells were resuspended in flow cytometry buffer (PBS, 2% FBS, 1 mM EDTA), and incubated for 30 min on ice in the dark with antibodies specific against CD4, CD8, CD11b, CD19, CD117 (c-Kit) (eBiosciences, San Diego, CA), CD115 (MCSF receptor) (Serotec, Raleigh, NC), and a lineage cell (lin) detection cocktail (Miltenyi Biotec, Auburn, CA). The cocktail is comprised of a panel of monoclonal antibodies that detect lineagecommitted immune cell populations including T cells, B cells, monocytes/macrophages, granulocytes, and erythrocytes, and distinguish these from the lineage-negative stem cell and progenitor cell compartments. After extensive washing, cells were resuspended in buffer for flow cytometry analysis. Data were acquired using a FACSCalibur (BD Biosciences, San Jose, CA). Data analyses were performed using Summit software (DakoCytomation, Fort Collins, CO). GFP donor-derived immune cells were identified based on the expression of GFP in combination with the following cell surface markers: T cells (CD4 + or CD8 
Statistical analysis
Multivariate analysis of variance (MANOVA) was used to test for equal means across radiation dose for the collection of variables within the response categories of total tibia, midshaft tibia, proximal tibia metaphysis, and lumbar vertebra. For each of the four MANOVA tests, the null hypothesis of equal mean vectors across the control, 0.5 mGy, 6 Gy, and sequential 0.5 mGy + 6 Gy dose levels was tested using Wilks' lambda statistic. When significant differences were found between mean vectors, follow-up statistical tests were performed using one-way analysis of variance (ANOVA) to compare the dose groups for individual variables, and t-tests were used for two-group comparisons. Linear contrasts that define interactions and two-group comparisons were tested using MANOVA with Wilks' lambda or F-tests in ANOVA.
Separate two-factor ANOVA models were fit to the endpoints osteoclast-lined bone perimeter, osteoblast-lined bone perimeter, and marrow cell density. The factor variables in each model were treatment group (control, 0.5 mGy, 6 Gy, and sequential 0.5 mGy + 6 Gy) and day (day 1, day 3, and day 14). Results were stratified by day if a treatment by day interaction effect was statistically significant according to an F test. Otherwise, a model with main effects was reported. Adjusting for day, F tests of linear contrasts were performed to compare the 0.5 mGy and 6 Gy dose groups to the control group, and to investigate for an interaction effect of the sequential dosage.
The individual variables in the endpoint groups of total femur, midshaft femur, distal femur metaphysis, distal femur epiphysis, and lumbar vertebra, as well as bone and hematopoietic lineage cells, and dynamic indices of bone formation were analyzed using separate MANOVA models. For each endpoint group, the null hypothesis of equal means across the baseline, control, and 9 Gy irradiation + bone marrow transplantation categories was tested using Wilks' lambda statistic. When significant differences were found using MANOVA, followup ANOVA F-tests were performed on individual variables, and linear contrasts were tested to determine differences among categories. Conditions for use of ANOVA models were assessed by Bartlett's test for homogeneity of variance and normal quantile plots. The modified F* test [23] was used when the assumption of equal variance was violated, with Welch's two-sample t-test used for pairwise comparisons. Adjustment for multiple comparisons was made by constraining the false discovery rate to be at most 5%. Differences were considered significant at adjusted p b 0.05. Data are expressed as mean ± SE. Statistical analysis was performed using Stata version 10 (StataCorp LP, College Station, Texas).
Results

Efficacy of radioprotection on bone
The efficacy of a radioconditioning priming dose of 0.5 mGy in preventing detrimental changes in bone mass and architecture in tibia and lumbar vertebra 14 days following exposure to a challenging dose of 6 Gy was evaluated by μCT, and results are presented in Table 1 . Tibial length, total tibial bone volume, and cortical bone parameters (cross-sectional volume, cortical volume, marrow volume, cortical thickness, I Max , I Min , and I Polar ) did not differ, on average, with treatment. In contrast, proximal tibial metaphysis cancellous bone volume fraction (bone volume/tissue volume), connectivity density and trabecular number were lower while trabecular thickness and separation were higher in mice subjected to the 6 Gy challenging dose. The 0.5 mGy priming dose used for radioconditioning had no significant effect on tibial cortical or cancellous bone mass or architecture (p = 0.83) nor did the 0.5 mGy priming dose affect tibial bone response to the challenging dose of 6 Gy (p = 0.80).
Connectivity density and trabecular number were also lower, while trabecular thickness and separation were higher in lumbar vertebra of mice subjected to the 6 Gy challenging dose. Also, as in the proximal tibial metaphysis, the priming dose of radiation used to induce radioconditioning had no significant effect on vertebral cancellous bone mass or architecture (p = 0.57) and there was no interaction between the priming dose and challenging dose for any of the vertebral cancellous endpoints evaluated (p = 0.59).
The effects of radiation on osteoblast-lined and osteoclast-lined bone perimeter and on bone marrow cell density in lumbar vertebra are shown in Figs. 1 and 2 . A statistically significant interaction (p = 0.002) was identified between treatment and time for osteoblast-lined bone perimeter. Compared to time-matched controls, osteoblast-lined bone perimeter was 290% higher at 1 day (p = 0.04), 1230% higher at 3 days (p b 0.0001), and 530% higher at 14 days (p = 0.003) following irradiation at 6 Gy (Figs. 1A-C). Significant differences in osteoblastlined bone perimeter due to priming dose were not detected at any time point. Osteoblast-lined bone perimeter was higher on day 14 post-irradiation in mice receiving the 0.5 mGy priming dose followed by the 6 Gy challenging dose compared to mice receiving the 6 Gy dose alone. Osteoclast-lined bone perimeter was higher in mice receiving the 6 Gy challenging dose than in control mice, irrespective of time (Figs. 1D-F) . A statistically significant effect on osteoclast-lined bone perimeter of the 0.5 mGy priming dose was not detected nor was there a difference in response to 6 Gy versus 0.5 mGy followed by 6 (Figs. 1G-I ). There was a strong association between radiationinduced marrow cell death and activation of bone lining cells to express the osteoblast phenotype (Pearson correlation −0.85, p b 0.0001). Significant differences in marrow cell density due to priming dose were not detected at any time point. Marrow cell density was lower on day 14 post-irradiation in mice receiving a 0.5 mGy priming dose followed by the 6 Gy challenging dose compared to mice receiving the 6 Gy dose alone. Representative micrographs illustrating the dramatic effects of the challenging radiation dose of 6 Gy on osteoblast-lined bone perimeter and marrow cellularity are shown in Fig. 2 .
Efficacy of marrow transplantation following irradiation on bone
The effects of age and lethal whole-body γ-irradiation (9 Gy) followed by bone marrow transplantation on bone mass and architecture in the femur and lumbar vertebra, as determined by μCT, are shown in Table 2 . Femoral length, total femoral bone volume, cortical volume and cortical thickness increased while marrow volume decreased with age (8-week-old baseline mice versus 17-week-old control Table 1 Effects of a radioconditioning priming dose of 0.5 mGy in preventing detrimental changes in bone mass and architecture in tibia and lumbar vertebra following exposure to a challenging radiation dose of 6 Gy. Seven-week-old mice were treated with either a priming dose of radiation (0.5 mGy), a challenging dose radiation (6 Gy), or a priming dose of radiation to induce radioconditioning followed 1 day later by a challenging dose of radiation (0.5 mGy + 6 Gy, combination) and sacrificed 14 days later. Data are mean ± SE. ⁎ p values were adjusted upward using the false discovery rate (FDR) method to account for multiple comparisons. a Significantly different from control. mice). Significant differences in cross-sectional volume and moments of inertia were not detected with age. In addition, significant differences between control and bone marrow-transplanted mice (transplanted at 8 weeks of age and sacrificed 9 weeks later) were not detected for total femoral bone volume or any of the cortical endpoints evaluated. In contrast, femoral length was lower in the bone marrow-transplanted mice compared to control mice. Distal femur metaphysis cancellous bone volume fraction, connectivity density and trabecular number decreased, trabecular separation increased, while differences in trabecular thickness were not detected between 8-week-old baseline mice and 17-week-old control mice. Significant differences between control mice and bone marrow-transplanted mice were not detected for cancellous bone volume fraction, connectivity density, or trabecular thickness. However, trabecular number was lower and trabecular separation was higher in bone marrow-transplanted compared to control mice.
Distal femur epiphysis connectivity density and trabecular number decreased with age, trabecular thickness and separation increased with age, while differences in cancellous bone volume fraction were not detected with age between the 8-week-old baseline and 17-week-old control mice. With the exception of connectivity density, which was lower in bone marrow-transplanted compared to control mice, significant differences between the two groups were not detected for any cancellous endpoint evaluated in the distal femur epiphysis.
Vertebral trabecular number decreased, trabecular thickness and separation increased, while differences in cancellous bone volume fraction and connectivity density were not detected with age between the 8-week-old baseline and 17-week-old control mice. Cancellous bone volume fraction and connectivity density were lower in bone marrowtransplanted mice compared to control mice. Significant differences between control mice and bone marrow-transplanted mice were not detected for any other endpoints evaluated.
Osteoblast-lined bone perimeter, osteoclast-lined bone perimeter, mineralizing perimeter, mineral apposition rate, bone formation rate, marrow cell density, and megakaryocyte density in lumbar vertebra, and cell tracking at 9 weeks following exposure to a lethal (9 Gy) dose of radiation and subsequent bone marrow transplantation are shown in Figs. 3 and 4 , respectively. Significant differences in osteoblast-lined perimeter and osteoclast-lined bone perimeter, dynamic indices of bone formation, marrow cell density, or megakaryocyte density were not detected with age or between control mice and irradiated mice transplanted with bone marrow cells (Fig. 3) . Adipocytes were rarely observed in lumbar vertebrae of either control or irradiated mice.
As expected, GFP expression was not detected in hematopoietic or mesenchymal lineage cells obtained from B6 control mice (Fig. 4) . 
Table 2
Effects of bone marrow cell transplantation (BMT) on bone mass and architecture in femur and lumbar vertebra. Eight-week-old mice were lethally irradiated (9 Gy), transplanted with donor bone marrow cells, and sacrificed 9 weeks later at 17 weeks of age. GFP expressing mice expressed GFP (Fig. 4) . Approximately 50% of the mesenchymal lineage cells obtained from bone marrow of whole body γ-irradiated animals transplanted with bone marrow from GFP expressing mice expressed GFP (Fig. 4) .
Discussion
A 6 Gy whole-body dose of γ-radiation resulted in a rapid decline in bone marrow cell density. Despite the overall dramatic reduction in marrow cellularity, cellular indices of bone formation and resorption were increased. The increase in osteoblast-lined bone perimeter was particularly notable and was well established within 1 day of irradiation. The increase in bone turnover resulted in decreased cancellous bone volume fraction, manifested as a decrease in trabecular number that was partially offset by a simultaneous increase in trabecular thickness. As a consequence, important indices of bone quality (e.g., connectivity density) were more negatively impacted by radiation than would have been anticipated solely by the reduction in cancellous bone volume fraction. A radioconditioning priming dose (0.5 mGy) administered 24 h prior to administration of a challenging dose (6 Gy) was overall ineffective in moderating the effects of challenging irradiation on bone cell populations or bone architecture. Bone marrow transplantation following lethal (9 Gy) irradiation resulted in quantitative replacement of host bone marrow hematopoietic cells with donor cells, normalized bone marrow cell density, normalized indices of bone turnover, preserved normal cortical bone architecture and limited radiation-induced deterioration of cancellous bone architecture.
Radiation-induced cancellous osteopenia was associated with a dramatic increase in osteoblast-lined bone perimeter. This increase was observed within 1 day of exposure to challenging dose irradiation. This rapid response contrasts with the much longer duration required for osteoblasts to differentiate from their mesenchymal stromal cell progenitors residing within bone marrow [24] . The timing of the increase in osteoblast-lined bone perimeter following challenging dose irradiation is consistent with activation of bone lining cells. Also consistent with activation of bone lining cells is the increase in trabecular thickness noted 14 days following irradiation. Bone lining cells are post-mitotic osteoblast lineage cells that line inactive bone surfaces and as such are typically much more numerous than osteoblasts. Bone lining cells can be quickly activated by hormones and growth factors such as parathyroid hormone, growth hormone and basic fibroblast growth factor to express the osteoblast phenotype [25, 26] . The studies reported here indicate that lining cells are also activated by 6 Gy of whole-body γ-radiation.
The short-term effects of high-dose whole-body γ-radiation on bone metabolism have received little attention. However, similar to our findings, Dominici et al. [27] reported a rapid increase in osteoblasts following lethal (11 Gy) whole body irradiation. In contrast, a recent study reported a low level of bone formation following irradiation with a sublethal 5 Gy dose [10] . As in our study, sublethal irradiation resulted in decreased trabecular number but increased trabecular thickness, suggesting that a prior undetected increase in bone formation had indeed occurred. Osteoblast-lined bone perimeter was not reported in the Green and colleagues' study [10] and the fluorochrome labeling protocol used to calculate bone formation at later time points may have resulted in excessive label escape error, potentially compromising interpretation of dynamic bone measurements [28] . The lower cancellous bone volume observed 14 days following irradiation in our study and a similar decrease reported by Green et al. [10] suggest that increased bone resorption ultimately predominates over the simultaneous increase in bone formation. Osteoclasts are derived from hematopoietic stem cells residing within bone marrow [29, 30] . Osteoclast precursors have a long lifespan in circulation [31] . As a consequence, proliferation would not be required for the increase in osteoclast perimeter following irradiation observed in this and earlier studies [32] . In adults, bone formation during bone remodeling is coupled spatially and temporally, but not necessarily in magnitude, to prevailing levels of bone resorption. An increase in bone resorption such as that occurring following menopause in women or ovariectomy in skeletally mature rats results in a coupled, although lesser, increase in bone formation [33] . However, the rapid radiation-induced increase in osteoblasts in lumbar vertebra supports another mechanism, namely activation of bone lining cells. Whereas coupled bone remodeling would tend to preserve bone architecture, the absence of coupling between bone resorption and bone formation observed in this study acts to accentuate changes in bone architecture (increased trabecular thickness and reduced trabecular number) in irradiated mice because the increases in bone formation and resorption are occurring at discrete sites.
The negative impact of high dose radiation on bone marrow became recognized when several of the most prominent early workers in the field of radiochemical research died of radiation-induced hematological diseases, including aplastic anemia and leukemia [34] . Whereas proliferating cells are highly sensitive to radiation, post-mitotic bone cells are resistant to radiation-induced cell death. Activation of bone lining cells and osteoclast formation from circulating osteoclast precursors represent post-mitotic cell differentiation. The mechanism for the increased bone turnover following irradiation is likely directly related to bone marrow failure. Plausible, non-mutually exclusive mechanisms include: 1) activation of osteoblasts and recruitment of osteoclast precursors from blood by factors released from bone marrow cells in response to radiation and/or 2) failure of dying marrow cells to produce factors that inhibit bone turnover.
Bone lining cell activation is reversible. Rapid reversal of osteoblasts to bone lining cells occurs once stimulatory factors are withdrawn [35] . In the present study, marrow cell depletion occurred within 1 day following irradiation and partially rebounded by 14 days. High dose irradiation results in a rapid increase in gene expression for platelet derived growth factor-β and basic fibroblast growth factor [27] , providing a potential mechanism for the radiation-induced increase in osteoblasts because these growth factors have been implicated in the bone lining cell to osteoblast transition [26, 36] . However, bone marrow ablation, a method that removes bone marrow cells, also induces a dramatic bone turnover response [37, 38] . Bone turnover is regulated by hematopoietic cells [39, 40] and hematological disorders such as anemia result in skeletal disorders [41, 42] . Thus, hematopoietic cells may inhibit transition of lining cells to osteoblasts. As such, loss of this negative regulation by hematopoietic lineage cells is a plausible alternative mechanism for increased bone turnover following irradiation. An important implication of the putative negative regulation of bone turnover by hematopoietic lineage cells would be that restoration of normal hematopoiesis following irradiation may be essential to restore normal bone turnover.
The major cause of death associated with acute exposure to high dose (6 Gy) gamma irradiation is infection. A radioconditioning dose of 0.5 mGy has been shown to reduce mortality in mice exposed to a challenging dose of γ-radiation [18] . The mechanism for the protective effect of prior exposure to the lower dose radiation is incompletely understood. However, more rapid recovery of hematopoietic cells, depressed tumor suppressor gene expression, and induction of antioxidative and repair enzymes appear to contribute to the protective effects [43] [44] [45] [46] . Whatever the precise mechanisms for improved survival, a standard radioconditioning priming dose of 0.5 mGy was ineffective in moderating the acute skeletal effects of irradiation (6 Gy) on bone. Thus, a rapid restoration of bone marrow cell populations may be critical because relatively long duration studies failed to show skeletal recovery in mice exposed to high but sub-lethal doses of ionizing radiation [9, 10] . Bone marrow transplantation was effective in repopulating the bone marrow cavity following lethal irradiation. Megakaryocyte and total marrow cell density were normal two months following bone marrow transplantation. Additionally, adipocytes in the bone marrow were rare. These findings are significant because high dose radiation has been reported to deplete the megakaryocyte population and increase bone marrow adiposity [27, 47] . Also, GFP tracking studies demonstrate that the vast majority of hematopoietic cells and a lesser but substantial portion of the mesenchymal cells were derived from the donor mice. Importantly, bone marrow transplantation resulted in normalization of bone turnover. Although many of the bone architectural parameters did not differ between control and irradiated marrow transplanted mice, the transplanted mice had shorter tibia and site-specific reductions in bone volume fraction (lumbar vertebra but not distal femur metaphysis or epiphysis), connectivity density (lumbar vertebra and distal femur epiphysis but not distal femur metaphysis), and trabecular number (distal femur metaphysis but not lumbar vertebra or distal femur epiphysis). The failure of bone marrow transplantation to restore all bone values to normal is not surprising. Repopulation of the marrow with donor cells is time-dependent and donor cells would not directly contribute to enhancing recovery of growth plate cartilage. Also, high dose radiation followed by bone marrow transplantation during childhood impairs gonadal function in boys and girls [48] . Finally, the concomitant use of chemotherapy drugs which negatively and irreversibly impact bone mass and architecture may contribute to the detrimental skeletal effects of bone marrow transplantation in humans [49] . Consistent with a decrease in uterine weight observed in irradiated mice in the present study (data not shown), radiation has been shown to negatively impact the ovarian reserve and uterine growth and function and decrease serum estrogen levels [50] [51] [52] [53] . Gonadal hormones, especially estrogen, are important regulators of bone metabolism [54] . Thus, radiation may either transiently or irreversibly affect the levels of gonadal hormones that influence bone metabolism [51] . In spite of these limitations, bone marrow transplantation in addition to preventing death, minimized development of skeletal abnormalities in lethally irradiated mice.
In summary, high dose whole-body γ-radiation results in a dramatic bone turnover response in which both formation and resorption are increased. The increased turnover is temporally associated with bone marrow failure and may result from disturbed regulation of osteoblast and osteoclast differentiation by hematopoietic cells. Bone marrow transplantation, by restoring normal bone marrow function, is effective in restoring normal bone turnover following lethal irradiation.
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